Measurements of the thermal expansion of a single crystal of La 0.835 Sr 0.165 MnO 3 were performed under hydrostatic pressure of up to 9 kbar. The P-T phase diagram is established for the structural and magnetic phase transitions. Pressure is found to enhance the ferromagnetic coupling and to weaken the stability of the low-temperature orthorhombic phase by reducing the bending of the Mn-O-Mn bond. The decrease in the temperature T S of the structural phase transition and the increase in the Curie temperature with increasing pressure leads to the two phase boundaries crossing at a pressure of about 3 kbar. The peculiar behavior of the T S and T C in the vicinity of the crossing point demonstrates a strong coupling between structural distortion and magnetic ordering in the La 0.835 Sr 0.165 MnO 3 compound. ͓S0163-1829͑97͒03629-1͔
The series of La 1Ϫx Sr x MnO 3 perovskites exhibit a rich variety in the magnetic, structural, and electronic properties as the Sr content increases. The parent compound LaMnO 3 is an antiferromagnetic insulator below 140 K. The electronic configuration of the Mn atoms is t 2g e g ͑spin quantum number is Sϭ2). The electrons of the t 2g bands are localized near the Mn ion sites, but the e g electrons are hybridized with the oxygen 2p states creating chemical Mn-O-Mn bonds. Chemical substitution of La 3ϩ by divalent Sr introduces Mn 4ϩ ions into the lattice and holes into the e g band.
The ''double-exchange'' interaction between the Mn 3ϩ and the Mn 4ϩ ions causes a ferromagnetic metallic ͑FMM͒ ground state to appear for xϾ0.15. 1, 2 The Mott transition between the paramagnetic insulating ͑PMI͒ and conducting FM phases is accompanied by a thousandfold decrease in resistivity as a magnetic field is applied. This effect is called ''colossal'' magnetoresistance ͑CMR͒ and has a considerable potential for certain sensor applications. CMR has recently attracted considerable experimental and theoretical interest in the perovskite manganites.
The doping of Sr also results in a change in the structural ordering from the orthorhombic ( Pbnm; Zϭ4) space group to the rhombohedral (R 3c;Zϭ2) one. With increasing x, the room-temperature structure changes to R 3c at x of about 0.17. 1 The x-T phase diagram shows that the magnetic and structural properties are extremely sensitive to the Sr doping in this region. The Curie temperature T C of the paramagnetic to ferromagnetic phase transition increases from 238 K for xϭ0.15 to 283 K for xϭ0.175, whereas the temperature T S of the Pbnm-R 3c structural transition decreases from 380 to 190 K. 3 The fact that for xϳ0.17 the temperatures T S and T C are close to each other has made it possible to induce the structural phase transition to an orthorhombic state by an applied magnetic field. 4 In the present study we apply hydrostatic pressure to a single crystal of La 0.835 Sr 0.165 MnO 3 in order to investigate the influence of pressure on the stability of the magnetic and structural phases.
Single crystals of La 0.835 Sr 0.165 MnO 3 were grown from polycrystalline rods in an infra-red image furnace using the floating-zone method. The precursor materials were prepared by mixing appropriate quantities of La 2 sintered at 1400°C for 12 h. Laue x-ray photographs showed that the samples were high-quality single crystals.
The thermal expansion and compressibility were measured by microstrain gauges ͑Micro-Measurements Inc., SK-350͒ glued on bar-shaped samples. The strain gauges were calibrated using data for the thermal expansion and compressibility of silica, Cu, and Fe as references. The pressure measurements were performed in a CuBe pressure cell with a fixed hydrostatic pressure up to 9 kbar. A mixture of mineral oils was used as a pressure transmitting medium. Pressure and temperature were measured in situ using a calibrated manganin pressure sensor and a Thermocoax thermocouple, respectively.
The thermal expansion was measured along the threefold c axis of a La 0.835 Sr 0.165 MnO 3 single crystal. The set of the curves representing the temperature dependence of ⌬c/c 0 for heating runs at several pressures is shown in Fig. 1 . It should be noted that because of differences in the thermal-expansion coefficients of the pressure transmitting medium and the pressure cell, the pressure inside the cell decreased as the temperature lowered. The actual values of pressure at T C and T S for cooling and heating runs are presented in Table I .
There are two anomalies on each of the curves corresponding to the magnetic phase transition from paramagnetic to ferromagnetic phase (T C ) and to the structural phase transition from rhomobohedral to orthorhombic phase (T S ), respectively. For ambient pressure, T C ϭ263 K and T S ϭ296 K, which is in a good agreement with the results of the direct observations of these transitions by means of neutron diffraction. 5 The first-order transition to the orthorhombic phase is accompanied by a lattice shrinkage of about 0.12% along the threefold axis. The ⌬c/c 0 for the magnetic phase transition is small. The absolute value of this change in ⌬c/c 0 is rather difficult to estimate because the phase transition is second order and thus is spread to the higher temperature region (TϾ300 K͒.
As pressure increases, the magnitude of the ⌬c/c 0 changes remains the same but the positions of the anomalies shift in temperature as the Curie temperature T C increases, while T S rapidly decreases. The results of the pressure study are summarized in the P-T phase diagram presented in Fig.  2 . The crossing point of the PM-FM and R 3c-Pbnm phase transition can be reached at 270 K by applying a pressure of about 3 kbar. As a result of the strong coupling of the magnetic and structural properties in this material, the pressure dependence of the Curie temperature and the temperature of structural phase transition are remarkably nonlinear in the vicinity of the crossing point. As pressure increases from 1 to 3 kbar, the temperature T S decreases from 290 to 220 K whereas T C increases from 263 to 278 K.
Above Pϭ3 kbar the structural and magnetic phase transitions are well separated in temperature and the pressure dependences of T S and T C become linear. The slope of dT c /dP can be estimated as 1.7 K/kbar, which is in a good agreement with the value reported in Ref. 6 . The gradient for T S on the P-T phase diagram is Ϫ10.0 K/kbar. The structural phase transition becomes extremely hysteretic at lower temperatures with the width of the hysteresis loop increasing from 4 to 10°as T S decreases from 292 to 170 K ͑Table I and Fig. 2͒ . The sharp decrease of T s near the crossing point makes it difficult to study this part of the phase boundary in a pressure cell using oil as a transmitting medium. Such equipment only allows us to perform temperature variations at constant pressure, due to the fact that oil becomes solid below its freezing temperature and cannot be compressed hydrostatically. More careful investigation of the critical temperatures in the vicinity of the crossing point should be made in a cell utilizing gasesious helium as a pressuretransmitting medium which would make it possible to vary pressure at constant temperature. Figure 2 shows that there are four distinct regions to the P-T phase diagram due to the existence of the crossing point. Each of these phases is a combination of different types of magnetic and structural ordering: I-PMIϩPbnm; II-PMIϩ R 3c; III-FMMϩR 3c; IV-FMMϩPbnm. Our recent neutron-diffraction measurements in the Institut LaueLangevin ͑Grenoble, France͒ have confirmed that the highpressure structural and magnetic phases have the same symmetry as those at ambient pressure, 7 i.e., there are no additional or intermediate structural or magnetic phase transitions produced by the application of pressure. The La 1Ϫx Sr x MnO 3 series of compounds provides a unique opportunity to study on one compound the magnetic transformations in two different structural phases and vice versa, the same structural change in both a magnetically ordered FMM and a disordered PMI state.
Interestingly, for La 1Ϫx Sr x MnO 3 (xϳ0.165) the crossing point can be reached not only by the application of external pressure but also by application of magnetic field 4, 8 and by an increase of Sr content. [8] [9] [10] Comparing the x-T, 8, 9 H-T, 4 and P-T ͑present study͒ phase diagrams reveals a common tendency in behavior, i.e., an increase of x, H, or P leads to increase of T C and decrease of T S . A qualitative explanation of this fact may be given in terms of the interplay between structural distortion and the kinetic energy of the e g charge carriers.
There have been quite a few reports on the key role which the value of the tolerance factor t plays in determining the properties of the Mn system. The t factor provides a measure of the mismatch which occurs on doping of divalent ions ͑Sr, in the present case͒ and consequent bending of the Mn-O-Mn bond. [10] [11] [12] The deviation of the Mn-O-Mn bond angle from 180°weakens the transfer interaction and, vice versa, the decrease in the transfer interaction tends to increase the bending of the Mn-O-Mn bond. In the perovskite-like structures the Mn-O-Mn angle in the orthorhombic phase is larger than in the rhombohedral one. 10 The applied magnetic field directly influences the t 2g local spins tending to align them. This enhances the ferromagnetic coupling and leads to an increase of the Curie temperature T C . Then, as follows from the Kondo calculations, 13,14 the spin-polarized e g electrons are scattered less by the electrons of the t 2g band. As a consequence, the conduction electrons become more itinerant as their transfer energy increases. This favors the rhombohedral structure and thus reduces the temperature T S .
The application of pressure ͑either external or ''chemical''͒ decreases the bending of the Mn-O-Mn bond favoring the rhombohedral structural ordering and thus decreasing T S . As regards the magnetic sublattice, such an increase of the Mn-O-Mn angle reduces the effective mass of the charge carriers increasing their transfer interaction. The enhanced ferromagnetic coupling leads to an increase in T C .
In summary, we have performed the measurements of the thermal expansion on a single crystal of La 0.835 Sr 0.165 MnO 3 at different pressures, and have established the P-T phase diagram for this material. Applied pressure enhances the ferromagnetic coupling increasing the Curie temperature and weakens the stability of the orthorhombic phase decreasing T S . The boundaries delineating the structural and magnetic phase transitions cross at about 270 K, under a pressure of about 3 kbar. The nonlinear shape of both structural and magnetic phase boundaries in the vicinity of the crossing point demonstrates a strong coupling between structural distortion and magnetic ordering. This work was supported by EPSRC Grant No. GR/ K95802.
